This paper presents our team's design and implemention of an innovative solution to solve the challenge proposed by the 3DUI Contest, which consisted of creating a 3DUI to solve simple 3D puzzles. Rather than using a direct manipulation technique to handle placement of the puzzle pieces, such as the virtual hand, we designed an innovative technique based on build. We aimed to provide a fun and intuitive way to solve puzzles that is not possible in the physical world. Rather than having to focus on specific pieces one at a time, users instead build pieces from individual bulding blocks, allowing them to focus on the structure of the puzzle space. The results of a user study showed that this system provides a fun and engaging experience for both novices and experts. We believe that performance was determined primarily by experience with games and 3D puzzles rather than by 3DUI design.
THE BUILDING BLOCKS TECHNIQUE
The traditional way to build puzzles involves placing pieces one at a time until the puzzle is solved. In contrast, with our technique, users build pieces progressively block by block using a 3D cursor. The user begins to build a piece by creating a block in an empty slot within the puzzle space. The user can proceed to create additional blocks -as long as their placement could lead to the creation of one of the puzzle pieces. The user continues to create or remove blocks until one of the puzzle pieces has been assembled. The piece can then be confirmed, and a new piece started. Figure 1 shows one piece already placed (red and opaque) and a piece in progress (yellow).
Users are also able to freely rotate the puzzle space while building pieces. This is especially useful after several pieces have already been placed, as the existing pieces often occlude empty sections of the puzzle space. Users can then explore holes/gaps in the space, and experiment with creating individual blocks before having to decide on a specific piece.
A sidebar on the right side of the interface shows the pieces of the puzzle (see Figure 1 ). All pieces are represented with different colors, and are animated in a perpetual spin so that the 3D shape is easily perceptible. The sidebar is constantly updated to coincide with the current status of all the pieces. If the user is building a piece, only the pieces that can still be constructed maintain their color; all other pieces turn to a light shade of grey. Once a piece is confirmed, the spinning animation is stopped and the piece is check-marked so that the user is aware that it has been completed. * e-mail: fbacim@vt.edu † e-mail: cstinson@vt.edu ‡ e-mail: blaha@vt.edu § e-mail: bowman@vt.edu The building blocks technique offers three major advantages over direct manipulation techniques. First, the technique eliminates the need to provide manipulation of the individual puzzle pieces. No rotation is required since the user can directly build the piece in the desired orientation. Second, with the building blocks technique the user's attention can remain in the puzzle space, as piece selection is automatic. In a typical direct manipulation technique, the user must shift his attention between the puzzle space and the set of new pieces. Finally, users can delay committing to a specific puzzle piece. Instead, they can start building in the empty slots in the puzzle, and then create an appropriate piece.
USER STUDY
We performed a user study to evaluate usability and performance of the building blocks technique.
Apparatus
The interface was displayed on a rear-projected 2.29m x 3.05m screen, with a resolution of 1400x1050 pixels. A wireless Intersense IS-900 Wand, which users held in their right hand, was used to control the 3D cursor on the screen. A wired Intersense IS-900 hand-tracker, which users held in ther left hand, was used to control rotations of the puzzle space. The position of the wand was mapped to the position of the 3D cursor and scaled so users could easily reach all areas of the puzzle space. The orientation of the wired hand-tracker was directly mapped to the orientation of the puzzle space. The complete setup can be seen in Figure 2 .
The software was written using the Vizard Virtual Reality Toolkit by WorldViz. It ran under Microsoft Windows XP on a workstation with an Intel Core2 Duo 6600 CPU at 2.40GHz, 2GB of RAM and an Nvidia GeForce 7950 graphics card. Frame rate was constant at 60 frames per second during trials.
We used four puzzle configurations in the study (easy, medium, hard and hardest). The puzzle space always had the same size (3x3x3 slots) and number of pieces (seven), and the difficulty of a puzzle was measured by the complexity of its pieces. The complexity of a piece was determined by its shape, size and dimensionality, and rated during a pilot study. The easy puzzle was a replica of a physical puzzle that only contained simple, repeated 2D shapes. The hardest puzzle was the one participants needed to solve for the contest and contained seven different 2D and 3D shapes.
Participants
We recruited 15 participants from our campus to perform the study, with ages ranging from 19 to 35. Ten participants fell under the novice category (i.e., people without experience with 3DUI design and implementation) and four were female. Five participants were considered experts (i.e., people familiar with 3DUI design and implementation), and one was female.
Procedure
Upon arrival, users were greeted and asked to read and sign a consent form. They were then given a background questionnaire. After that, participants were asked to solve a physical version of the easy puzzle within 10 minutes, with the purpose of illustrating the task and recording the time taken for further comparison. Next, participants were shown the experimental setup and given a short tutorial about how to use the devices and the technique.
Upon completing the physical puzzle, participants were given a practice session of one minute. After practicing, participants were given the hardest puzzle to solve, and no more than 30 minutes to complete it. Novices had to go through this process once, while experts would do it three times consecutively. Once done, participants then completed four additional trials, always following the order of easy, medium, hard and hardest again, with no more than 20 minutes to complete each. If they were unable to solve any puzzle in the given time, we would stop the timer and assign the maximum time as the completion time for that trial. Finally, all participants completed the physical puzzle a second time and completed a post-hoc questionnaire, rating enjoyment, ease of use and ease of learning of the building blocks technique all in a 7-point scale, where 7 was the highest rating.
RESULTS AND DISCUSSION
Out of the ten novice participants, two could not solve the physical puzzle the first time, and one of these could not solve it the second time as well. Three novices could not solve the hardest puzzle, and three decided not to continue with the trials. Out of the five expert users, all could solve the physical puzzle, and only one participant could not solve the hardest puzzle during the first trial. 
Performance
The average time for completion of each trial can be seen in Figure  3 , divided into novice and expert participants, as well as the average of the seven novices who completed all trials. The X-axis shows the trials in the order they were performed. Interestingly, novices who completed all trials performed better than experts when solving the hardest puzzle the first time, taking 896s vs. 1030s on average. In addition, expert participants spent less time solving the physical puzzle (195s vs. 275s) and its virtual replica (185s vs. 356s), while novices took less time to solve the physical puzzle the second time around (84s vs. 94s).
Experience with games seemed to affect performance more than experience with 3DUI design and implementation. Even though performance of the experts was better for most puzzles, average performance on the first try of the hardest puzzle was similar for novices and experts, with a slight advantage to novices. In addition, the two novice participants and one expert who had experience with games were able to solve the hardest puzzle faster than all other participants when they were solving it for the second time (last puzzle for novices), and all of them did it in two minutes or less. Experience with this technique and perhaps memorization also seemed to affect performance. Figure 3 shows the improvement in performance as participants solved the same puzzle repeatedly, both for experts and novices.
Usability
We found that participants easily understood the building blocks technique and appreciated the ability to start building a piece without commiting to a specific piece. The system was considered intuitive (5.87 on average) and moderately usable (4.87 on average) and fun (4.93 on average). Participants considered interaction with the interface to be extremely simple, and we observed no major usability issues. Both novices and experts also commented that rotation of the puzzle space and the pieces on the sidebar helped in perceiving and understanding depth and the shape of the pieces. The only substantive comment related to usability was that an undo feature would be helpful.
The three novice participants who opted not to continue the study after the first couple trials mentioned they could understand and use the technique well, but just could not figure out how to solve the puzzles. Two of them could not solve the physical puzzle as well, so we believe that it may be important to test participants' spatial abilities in future studies.
